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Edited by Christian GriesingerAbstract The presence of nitrotyrosines is associated with
several neurodegenerative pathologies. We evaluated the func-
tionality of the nicotinic acetylcholine receptor possessing
nitrotyrosines. The spectrum of the nitrated receptor displays
an absorption band characteristic of ortho-nitrophenol. The pres-
ence of carbamylcholine in the agonist site prevented the eﬀect of
nitration by tetranitromethane in some conditions. The nitration
occurred with two discrete steps and pointed out the diﬀerential
involvement of tyrosines in the binding of acetylcholine and neu-
rotoxin. We concluded that at least two residues involved in ago-
nist binding can be nitrated, which bring similar contributions to
the binding energy of the neurotransmitter.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Tyrosines are key residues for many protein functions, by
participating either to the active sites or to their regulation
by phosphorylation. Tyrosines are also the target of peroxyni-
trite produced by nitric oxide reacting with superoxide [1,2] or
by other pathways [3]. The formation of nitrotyrosines has
been identiﬁed in several regions, including axon terminals of
the central [4] and peripheral [5] nervous systems. Endogenous
NO may, thus, lead to neuron damage and NO-mediated
nitration of the NMDA-receptor was proposed as a conse-
quence of hypoxia [6]. Nitrotyrosines are detected in several
neurodegenerative diseases [2,7,8] and in cerebral ischemia
linked to NO-synthase activity [9], which is colocalized with
the nicotinic acetylcholine receptor (AchR) at the neuromuscu-
lar junction [10,11], and in the mammalian central nervous sys-
tem [1,12]. Beside its pathological association, tyrosineAbbreviations: Ach, acetylcholine; AchR, acetylcholine receptor;
BGTX, a-bungarotoxin; BSA, bovine serum albumin; Carb, carbamyl-
choline; DFP, diisopropylﬂuorophosphate; d-TC, d-tubocurarine;
TNM, tetranitromethane
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doi:10.1016/j.febslet.2005.03.084nitration has recently been proposed as a possible regulatory
mechanism [6,13,14], implying that the properties of nitrated
proteins could be modulated. In this report, we aimed at eval-
uating the binding functionality of AchR following nitration
of tyrosines. The pharmacological properties of AchR, local-
ized in the postsynaptic membrane of neurons and muscle cells
[15] are described by a model in which the binding of eﬀectors
controls thermodynamic equilibria between allosteric states.
AchR forms a cation channel transiently activated by Ach
binding to the extracellular domain whose structure has been
modeled by homology with that of an Ach-binding protein
[16]. Accumulated data have identiﬁed Tyr residues involved
in the Ach-binding sites [15–18] and in that of competitive
antagonists [15,17,19,20]. The current model of Ach–Tyr bind-
ing is based upon charged choline-p electron interaction [21].
Consequently, the nitration of the aromatic ring of Tyr which
decreases the electro-negativity from the p-electron system
should modify its interaction with the Ach quaternary ammo-
nium cation. We analyzed the binding parameters for Ach and
a-bungarotoxin (BGTX) after nitration of AchR tyrosines by
means of tetranitromethane (TNM) as NO2 donor which selec-
tively modiﬁes phenols [22]. This modiﬁcation, performed in
the absence and presence of a bound eﬀector, reveals the diﬀer-
ential contribution of accessible Tyr in the binding sites.2. Materials and methods
2.1. Nitration of the AchR-membranes
The AchR-membranes were isolated from Torpedo marmorata elec-
tric organs [23] to yield speciﬁc activities of 3.0 lmol of binding sites/g
of proteins. The buﬀer was: Tris 50 mM, pH 7.5, EDTA 0.5 mM,
inhibitors of proteases. The membranes were diluted to 2 lM binding
sites and nitration was performed by adding TNM (Aldrich) freshly
dissolved in ethanol to ﬁnal concentrations ranging from 107 to
102 M. Incubation was performed during a measured time in the dark
at room temperature. The suspension was 12-fold diluted and immedi-
ately washed with four centrifugation–dilution cycles, then resus-
pended in buﬀer. For the protection experiments, AchR-membranes
were incubated before nitration for 2 h with 5 mM carbamylcholine
(Carb), subsequently removed during the washing steps.
2.2. Equilibrium binding of 14C-acetylcholine
Aliquots (triplicate) of native and nitrated AchR-membrane were di-
luted to 3 nM binding sites with 2.5 mL of buﬀer containing 0.1% bo-
vine serum albumin (BSA). The non-speciﬁc binding was measured by
preincubating AchR for 2 h with 0.5 lM BGTX (Sigma). To inhibit
acetylcholinesterase, 2 lL of pure diisopropylﬂuorophosphate (DFP)
(Sigma. Warning: DFP is highly hazardous) were added in each tubeblished by Elsevier B.V. All rights reserved.
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60 mCi/mmol) were added to obtain ﬁnal concentrations ranging from
4 to 400 nM and incubated for 2 h (room temperature). Before ﬁltra-
tion, 500 lL of the suspension were removed to determine the total
radioactivity. The AchR suspension was ﬁltered through GF/B What-
man ﬁlters presoaked in 0.25% polyethyleneimine. The ﬁlters were
washed with 2.5 mL of cold buﬀer containing BSA and soaked over-
night in scintillant (Amersham). The radioactivity was counted for
5 min. The measurements for native, nitrated and Carb-protected
AchR were performed simultaneously with AchR from the same
preparation.2.3. Evolution of the population of Ach-binding sites determined by Ach/
BGTX competition
To obtain the evolution of the Kd of all sites, we measured the initial
rate of 125I-BGTX binding in competition with a wide range of Ach
concentration. Nitration was performed in diﬀerent conditions:
1 mM TNM for 20 and 30 min, 5 mM TNM for 20 min. Nitrated
and native AchR were diluted to 4 nM and incubated for 20 min with
1 mM DFP. Then 450 lL of the suspension were mixed with 50 lL of
10-fold concentrated Ach to obtain the ﬁnal range of 3 · 1011 to
102 M. After a 2 h incubation, 25 lL of 125I-BGTX (Amersham,
200 Ci/mmol) were added to obtain 2.5 nM and incubated for exactly
6 min. The AchR suspension was diluted with 5 mL of buﬀer and
immediately ﬁltered on presoaked GF/C Whatman ﬁlters and the
radioactivity counted for 5 min.2.4. Equilibrium binding of 125I-BGTX
The AchR-membranes were solubilized in 2.5 mL of buﬀer: 1% Tri-
ton X100, NaCl 10 mM, Tris 10 mM, pH 7.4, 0.1% BSA, to a ﬁnal
concentration of 0.5 · 1011 M binding sites (triplicate). Non-speciﬁc
binding was measured by preincubation for 2 h in the presence of
0.4 mM d-tubocurarine (d-TC) (Sigma). Then 25 lL of 125I-BGTX
were added in varying concentration and incubated for 4 h (room tem-
perature). Aliquots of 0.5 mL were removed from each tube and
counted for the total radioactivity. The AchR solution was ﬁltered
on three overlayed diethylaminoethyl cellulose ﬁlters (DE81, What-
man) presoaked in the incubation buﬀer. The ﬁlters were washed twice
with 2.5 mL of buﬀer and the radioactivity of the aliquots and ﬁlters
was counted for 5 min.
Assay for proteins was performed with bicinchoninic acid method
(Pierce) in micro-titration plates with BSA as the standard. For mea-
suring the very low Kd of BGTX, the solubilized AchR was diluted
6 · 105-fold and the proteins were assayed before dilution, yielding
an absolute value of Bmax for
125I-BGTX (2.7 ± 0.3 lmol sites/g pro-
tein) similar to that measured with 14C-Ach.Fig. 1. (A) Absorption spectra of native (a) and nitrated (b) AchR
(1 mM TNM). AchR in membranes was solubilized in 0.4% Triton
X100 and recovered in the supernatant. Optical pathlength 10 mm.
The peak at 280 nm is due to Trp and the band at 350 nm comes from
non-ionized ortho-nitrophenol. Inset: Dependence of the binding of
14C-Ach (40 nM) to AchR (6 nM binding sites) on the nitration time
(1 mM TNM). (B) Binding of 14C-Ach (40 nM) to AchR (6 nM
binding sites) after a 20 min nitration with increasing concentration of
TNM. The binding capacity is normalized to that of unmodiﬁed
AchR. Inset: Eﬀect of TNM concentration on the binding of
125I-BGTX (25 pM) to AchR (60 pM binding sites). For both, nitration
was performed without () and with (n) preincubation of 5 mM Carb.3. Results
The kinetics of nitration of AchR using 1 mMTNM (Fig. 1A,
inset) resulted in an exponential decrease of 14C-Ach binding
capacity down to a plateau of 30%, either due to full nitration
of the accessible groups or to depletion of TNM. This reaction
is selective for tyrosines under the conditions used [22]. The
apparition of an absorption band at 350 nm characteristic
of a non-ionized ortho-nitrophenol in the spectrum of the
solubilized nitrated AchR (Fig. 1A) showed that tyrosines have
been modiﬁed. Nitrotyrosines within proteins have also been
detected by Raman spectroscopy [23].
We repeatedly observed a slight increase of Ach aﬃnity at
low TNM concentration (0.1–1 lM) which was prevented
by the presence of Carb. The 14C-Ach binding capacity of
the nitrated AchR (Fig. 1B) remains unchanged at 105 M
TNM but is reduced to about 50% at 103 M TNM. Preincu-
bation with 5 mM Carb aﬀords a partial protection against
nitration: at 1 mM TNM, the Ach binding increased from
50% (no Carb) to 75% (with Carb). A decrease of the125I-BGTX binding capacity of nitrated AchR is similarly ob-
served (Fig. 1B, inset) to about 55% at 10 mM TNM, whereas
the agonist Carb protects the BGTX binding against nitration
up to 90% capacity.
The Kd and maximum binding capacities (Bi) of BGTX were
measured simultaneously for the native and nitrated AchR, in
the presence and absence of preincubated Carb (Fig. 2A). The
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Fig. 3. Dependence of the Ach aﬃnity upon the extent of nitration.
The data are directly ﬁtted to the general Hill equation:
Bexp ¼ Ri½1 ½Achn=ðKndi þ ½Ach
nÞBi þ Bns (Bns is the non-speciﬁc
binding) and are normalized to Bmax = RiBi = 1. The Hill index n is
ﬁtted only in the one site-model and is ﬁxed to 1 in the three site-
model. Native receptor (n); receptor nitrated with [TNM] = 1 mM for
20 min (n). [TNM] = 1 mM, 30 min (s). [TNM] = 5 mM, 20 min (d).
The table gives the ﬁtted parameters. The vertical lines indicate the Kd
of each population of sites. Kd1 is better resolved for curves 1 and 2
(1 mM TNM) whereas Kd3 is better deﬁned for curve 3 (5 mM TNM).
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Fig. 2. Saturation binding isotherms for 14C-Ach (A) and for
125I-BGTX (B) simultaneously measured for native receptor (m) and
for the nitrated receptor without (d) and with (s) preincubation with
5 mM Carb. AchR binding sites concentration is 3 nM for Ach and
5 pM for BGTX. Nitration was performed with [TNM] = 1 mM for
20 min. Inset: Scatchard representations for 125I-BGTX. The equilib-
rium binding isotherms were directly ﬁtted to B = Ri(Bi/(Kdi/
[ligand]) + 1) for determining Kd and the normalized binding capacity
Bi, as listed in the panels. Only the nitrated AchR required a two site-
model. The absolute binding capacity for native AchR is
Bi = 2.4 ± 0.3 lmol sites/g protein.
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is similar to that of the unmodiﬁed AchR (9 ± 2 pM) with both
the same Bi. Thus, at 1 mM TNM Carb aﬀords a protection
against nitration which is suﬃcient to fully maintain the aﬃn-
ity of AchR for BGTX. The Scatchard plot for the nitrated
receptor clearly reveals two populations of BGTX binding sites
(0.34 and 0.66 relatively to Bi of native AchR) accounting for
the total AchR population. Their aﬃnity for 125I-BGTX diﬀer
by a factor of about 30 (Kd = 7 and 220 pM), the ﬁrst one
being similar to that of the native receptor.
The equilibrium binding of Ach shows diﬀerent features
(Fig. 2B). After nitration, the Kd remains unchanged
(11 ± 2 nM for the native and 8 ± 3 nM for the nitrated recep-
tor) but a decrease to 39% of the initial value (Bi = 2.4 ±
0.3 lmol sites/g protein) is observed. This decrease is partially
prevented (Bi = 61%) by incubation with 5 mM Carb prior to
nitration. Thus, a second population of sites of lower aﬃnity
must account for the diﬀerence of Bi and to detect all siteswe measured the initial rate of 125I-BGTX binding in competi-
tion with a broad range of Ach concentration. The data ob-
tained for three conditions of nitration were ﬁtted to a three
site-model (Fig. 3) and account for the total amount of sites.
When [TNM] = 1 mM for 20 min, the three populations of
sites disclose Kds which diﬀer by two orders of magnitude;
the lower one (8 ± 2 nM), similar to that of the native receptor
(Kd = 15 ± 2 nM), is associated with the larger population (B1/
B0 = 0.47). With higher TNM concentration, the relative ratios
of the three populations of sites change but the Kds remain the
same within the measurement precision. The higher aﬃnity
population decreases as the lower aﬃnity one increases. A sim-
ilar eﬀect is observed when increasing the reaction time. The
measure of Kd1 is more precise at 1 mM TNM, whereas Kd3
is better measured at 5 mM TNM.4. Discussion
4.1. Evolution of the populations of Ach-binding sites
The nitration of the nicotinic AchR induces a decrease of the
Ach aﬃnity in the desensitized state (the only one probed by
incubation with Ach). The presence of Carb at saturating
concentration protects the AchR against nitration and shows
that the decrease of high aﬃnity comes from modiﬁcation of
2646 M. Ne´grerie et al. / FEBS Letters 579 (2005) 2643–2647residues within the agonist binding site. At TNM concentra-
tion P 1 mM, the protection by 5 mM Carb is partial likely
because of the competition between TNM and Carb for the ac-
cess to the involved Tyr residues.
The nitration leads to three populations of aﬃnity sites (Fig. 3).
Remarkably, their relative proportions changed as the condi-
tions of nitration changed but they retain the same Kds,
showing that nitration of the agonist binding site proceeded
in two discrete steps. The high aﬃnity population B1 corre-
sponds to the native AchR in desensitized state (Kd1  10 nM).
The two discrete steps of change in aﬃnity likely reﬂect the
successive nitration of two diﬀerent populations of side-chains,
suggesting that the intermediate aﬃnity population B2
(Kd2 = 1–2 lM) and the lower aﬃnity one B3 (Kd3 = 1 mM)
bear, respectively, one and two nitrated side-chains. This is
consistent with the observation that the high aﬃnity (native)
population increases when AchR is preincubated with Carb
prior to nitration (Fig. 2).
When TNM concentration is increased, the B3 population
increased (Fig. 3) while B1 decreased, in agreement with the
formation of B2 from the native receptor and a simultaneous
formation of B3 from B2 by further nitration. In the case of
very diﬀerent accessibilities, the formation of B3 would have
disclosed a bottleneck leading to a high accumulation of B2
which is not observed. This suggests that the modiﬁed side-
chains in both populations have similar accessibility to the
solvent, in agreement with the similar contribution of Tyr res-
idues in binding and labelling [15,17]. The ratios of Kds of the
populations diﬀer by a factor of only 2 (Kd2/Kd1  200 and
Kd3/Kd2  500 from the mean values) indicating that the ni-
trated residues contribute to similar binding energies
(DDG  0.5 kcal mol1 between the two nitration steps).
In the case of the muscarinic AchR [24], the nitration was
prevented by preincubation with the antagonist atropin but
not by the agonist Carb, contrary to the nicotinic AchR. Con-
sequently, albeit the presence of Tyr in their agonist binding
sites, both receptors have diﬀerent architectures.4.2. Binding of BGTX
The protection by the agonist Carb clearly indicates that a
protected side-chain present in the agonist binding site also be-
longs to the toxin site. At 1 mM TNM, the same proportion of
sites remains unmodiﬁed for both Ach and BGTX (0.39 ± 0.1
and 0.34 ± 0.1, respectively). However, for BGTX only one
population of nitrated sites (Fig. 2A) accounts for the total
population, indicating a mono-modiﬁed BGTX site, while
two diﬀerent steps of nitration appeared in the same conditions
for the Ach binding (Fig. 3). Furthermore, the presence of
Carb at a saturating concentration allows to fully protect the
binding of BGTX but not that of Ach. These two observations
suggest that at least one nitrated side-chain involved in Ach
binding has no role in BGTX binding. The nitration of tyro-
sine residues is much more critical for Ach binding (100–200-
fold increase of Kd) than for BGTX binding (20-fold increase
of Kd) and the diﬀerence of binding energy of Tyr–Ach inter-
action appears greater than that of Tyr–BGTX.
In conclusion, the binding properties of AchR possessing
nitrotyrosines are modiﬁed, depending upon the extent of
nitration, in agreement with the charged choline-p electron
interaction model [21]. The protection aﬀorded by the agonist
Carb shows that the decrease of aﬃnity is due to the nitrationof side-chains involved in the agonist binding site. The aﬃnity
for Ach evolves in a step-wise manner upon nitration, indicat-
ing that two modiﬁed Tyr residues are involved in Ach binding
site, with similar contributions to the binding energy. The ago-
nist site is not merely a part of the BGTX site, albeit both sites
share a common side-chain.
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